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Abstract

In June 1992, Georgia Tech's School of Aerospace Engineering was awarded a NASA
University Space Research Association (USRA) Advanced Design Program (ADP) to address
"Integrated Design and Manufacturing for the High Speed Civil Transport (HSCT)" in its graduate
Aerospace Systems Design courses.

This report summarizes the results of the five courses incorporated into the Georgia Tech's
USRA ADP program. It covers ; i ncurrent Engineering, AE4360:

i , ; i if 1 ,AE A m
Design I, and AE6352: Aerospace Systems Design II.
E i i ing was an introductory course addressing

AES8113: Introduction to Concurrent Engineering
the basic principles of Concurrent Engineering (CE) or Integrated Product Development (IPD).
The design of a total system was not the objective of this course. The goal was to understand and
define the "up-front" customer requirements, their decomposition, and determine the value
objectives for a complex product, such as the High Speed Civil Transport (HSCT). A generic CE
Methodology developed at Georgia Tech was used for this purpose.

4353; ign for Li addressed the basic economic issues for an HSCT
using a robust design technique, Taguchi's Parameter Design Optimization Method (PDOM). An
HSCT economic sensitivity assessment was conducted using a Taguchi PDOM approach to
address the robustness of the basic HSCT design.

AE4360: Introduction to CAE/CAD permitted students to develop and utilize
CAE/CAD/CAM knowledge and skills using CATIA and CADAM as the basic geometric tools.

L Aer ms Desi focused on the conceptual design refinement of a
baseline HSCT configuration as defined by Boeing, Douglas, and NASA in their system studies.
It required the use of NASA's synthesis codes FLOPS and ACSYNT. A criterion called the
Productivity Index (P.1.) was used to evaluate disciplinary sensitivities and provide refinements of
the baseline HSCT configuration.

‘ AE6352: Aerospace Systems Design II was a continuation of Aerospace Systems Design I
in which wing concepts were researched and analyzed in more detail. FLOPS and ACSYNT were
again used at the system level while other off-the-shelf computer codes were used for more detailed
wing disciplinary analysis and optimization.

The culmination of all efforts and submission of this report conclude the first year's efforts
of Georgia Tech's NASA USRA ADP. It will hopefully provide the foundation for next years’
efforts concerning continuous improvement of Integrated Design and Manufacturing for the
HSCT.
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Integrated Design and Manufacturing for the HSCT NASA USRA ADP
Georgia Institute of Technology 1992 / 1993

1.0 Abstract

In June 1992, Georgia Tech's School of Aerospace Engineering was awarded a NASA
University Space Research Association (USRA) Advanced Design Program (ADP) to address
“Integrated Design and Manufacturing for the High Speed Civil Transport (HSCT)" in its graduate
Aerospace Systems Design courses.

This report summarizes the results of the five courses incorporated into the Georgia Tech's
USRA ADP program. It covers AE8113: Introduction to Concurrent Engineering, AE4360:

Introduction to CAE/CAD, AE4353: Design for Life Cycle Cost, AE6351; Aerospace Systems
Design [, and AE6352: Aerospace Systems Design II

ing was an introductory course addressing
the basic principles of Concurrent Engineering (CE) or Integrated Product Development (IPD).
The design of a total system was not the objective of this course. The goal was to understand and
define the "up-front" customer requirements, their decomposition, and determine the value
objectives for a complex product, such as the High Speed Civil Transport (HSCT). A generic CE
Methodology developed at Georgia Tech was used for this purpose.

: i i | addressed the basic economic issues for an HSCT
using a robust design technique, Taguchi's Parameter Design Optimization Method (PDOM). An
HSCT economic sensitivity assessment was conducted using a Taguchi PDOM approach to
address the robustness of the basic HSCT design.

AE4360: Introduction to CAE/CAD permitted students to develop and utilize
CAE/CAD/CAM knowledge and skills using CATIA and CADAM as the basic geometric tools.

AE6351: Aerospace Systems Design I focused on the conceptual design refinement of a
baseline HSCT configuration as defined by Boeing, Douglas, and NASA in their system studies.
It required the use of NASA's synthesis codes FLOPS and ACSYNT. A criterion called the
Productivity Index (P.I.) was used to evaluate disciplinary sensitivities and provide refinements of
the baseline HSCT configuration.

AE6352: Aerospace Systems Design II was a continuation of Aerospace Systems Design |
in which wing concepts were researched and analyzed in more detail. FLOPS and ACSYNT were
again used at the system level while other off-the-shelf computer codes were used for more detailed
wing disciplinary analysis and optimization.

The culmination of all efforts and submission of this report conclude the first year's efforts
of Georgia Tech's NASA USRA ADP. It will hopefully provide the foundation for next years'
efforts concerning continuous improvement of Integrated Design and Manufacturing for the
HSCT.
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Figure 2.1 illustrates the sequence of Aerospace Systems Design courses offered as
Georgia Tech's NASA USRA ADP.

Integrated DeSIgn and Manufacturmg
for the High Speed le Transport

Concurrent Engmeering (CE) I Integrated Product Development (IPD) Approach

AE8113 lntmduction to CE

Develop the Methodology \ :
and Define the Problem s -

AEA4353 Design for LCC

Develop the Basic Economic ":
] Relationships for HSCT

AE6351 Asp. Systems Design 1

System Design Synthesis
of HSCT's

AE4360 Intro CAE/CAD

Develop CAE / CAD / CAM
n Knowledge and Skills

AE6352 Asp. Systems Design 11

Other Support Parameter Design Synthesis | Undergraduate AE
of Selected HSCT Design Courses
Tolerance Design Synthesis
of Selected Components

USRA Project Report

| Presentation at USRA Advanced

Conference

R R R R 1 TR YL ORI B 31

SRR R

Each course, with the exception of the CAE/CAD course, required students to work as
multi-disciplinary teams. During the Fall and Winter Quarters, two separate 4- and 5-member
teams worked on the required projects and submitted separate reports. For the Spring Quarter, the
two teamns were combined to one nine-member team in order to achieve more depth in the research
and analyses. A Request for Proposal (RFP) was given as a handout at the beginning of each
quarter stating the required tasks and deliverables. An oral presentation and submission of the final
written report concluded each course. This report includes summaries of the first four courses as

well as a detailed description of the research done for Aerospace Systems Design II.
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Over the years, aircraft research has evolved into distinct disciplines: aerodynamics,
structures, propulsion, performance, controls, and others. With the distinction came isolation, as
each discipline concentrated on activities related to its own concerns. This isolation has created at
least two problems in the incorporation of advanced analysis techniques into the design process.
First, disciplines have come to view production of their analysis results as a final product.
Second, a discipline may require data from another discipline as input to an analysis, but may
develop or acquire capabilities to generate these data locally. While this approach maintains
independence from a multidisciplinary design group, it may not benefit from the total expertise of
this group or their most recent improvements in each disciplinary area.

As industries and governments around the world refocus to achieve major quality
improvements to become more competitive in the world marketplace, the term Concurrent
Engineering (CE), or Integrated Product Development (IPD), is being used to express the desired
environment. A major realization of this refocusing is that opportunities to improve quality are
greatest early in the design process. CE has been defined as a systematic approach to the
integrated, concurrent design of products and their related processes, including manufacture and
support. CE has been called the implementation arm of the Total Quality Management (TQM)
strategy. It has also been called a modern treatment of systems engineering which combines
quality engineering methods in a computer integrated environment. Integrated Product
Development (IPD) and the use of an Integrated Product Team (IPT) is the form of CE being
applied on most of the aerospace community. For the purposes of this report, CE and IPD will be
used synonomously. A next generation of CE or IPD is evolving and is specifically addressing
affordability and the business processes to achieve it. One major goal of the research associated
with this effort is to provide a framework for the acrospace community to move into IPD.

Integrated Design and Manufacturing of the HSCT requires the use of concurrent design or
IPD to transform a traditionally sequential design process (Figure 2.2) to a more parallel process
(Figure 2.3).
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The generic methodology used by Georgia Tech in its NASA USRA ADP as well as other pilot
projects is illustrated in Figure 2.4. The basis of Georgia Tech's methodology is built on the belief
that CE includes the interaction of four key elements: Systems Engineering Methods, Quality
Engineering Methods, a Top Down Design Decision Support Process, and a Computer Integrated
Environment. Beneath the umbrella at the top of Figure 3 are the interactions of the four key
elements. The Computer Integrated Environment is also located at the top of the umbrella to
emphasize its importance in providing a mechanism for integration of the other three elements.
Since CE is the concurrent design of products and processes, both product and process design
must be integrated. This is accomplished through the incorporation of both Systems Engineering
Methods (product design driven) and Quality Engineering Methods (process design driven).
Systems Engineering focuses on system decomposition from system to component to part, while
Quality Engineering focuses on system recomposition from part to component to system. This
approach will allow trades between product and process at the appropriate levels and the rapid,
parallel iterations so essential for improvements and integrated design and manufacturing (Figure
2.5).

Georgia Tech's CE Methodology

Top Down Design
Decision Support Process

Process l

Product
Design Design
Driven Driven
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The heart of the CE methodology is a Top Down Design Decision Support Process.
Though decision support is not explicitly addressed in other evolving CE methodologies, it is an
essential element, particularly for management, that is used to focus efforts on the design goals. It
supplies a logical, rational means for including factors that must be considered when making a
decision. The structure is not designed to restrict thinking, but to organize it and ensure its
completeness. Since design can be viewed as an iterative decision making process, it can be
described as a sequence of steps. The first course in the design sequence, Introduction to
Concurrent Engineering, consisted of presenting the overall methodology and addressing the first
three elements of the Top Down Design Decision Support Process:

* Establishing the Need,

« Defining the Problem, and

« Establishing Value Objectives.
The follow-on capstone design courses (AE6351 and AE6352) were aimed at completing the
second half of the Top Down Decision Support Process, especially with system synthesis through
Multidisciplinary Design Optimization (MDO), both at the system level and component level
(wing). Trades at the component level using information from part level trades are considered
essential if an integrated design and manufacturing approach is to take place. There are two
principal reasons for this required approach. First, a complex system like an airplane is not
manufactured at the system, or even component level. A prime-sub-supplier relationship is always
involved, with the prime aircraft manufacturer being the final assembler. Second, the complexities
and interactions involved in understanding the total decomposition and recomposition of design
and manufacturing of a total aircraft system is overwhelming for both industry and government, let
alone academia. Therefore, choosing one primary component, such as a wing, is the only viable
approach for a pilot project.

The goals of this course were to:

o Generate Feasible Alternatives [to the existing Boeing/Douglas baseline
configuration},

« to Evaluate these Alternatives [using the Productivity Index as the criterion], and
« to Make a Decision [by modifying the initial baseline configuration based upon
evaluation of the suggested alternatives).

« Accomplish a first level analysis at the system level with FLOPS and ACSYNT.
« Use results from the component level trades to close the loop back to the system
level (Figure 2.5)
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3.0 Introduction to Concurrent Engineering

Concurrent Engineering (CE) has been defined as "a systematic approach to the integrated,
concurrent design of products and their related processes including manufacture and support.”
This approach is intended to cause the developer, from the outset, to consider all elements of the
product life cycle from concept through disposal, including quality, cost, schedule, and user
requirements. The design of a total system was not the objective of this course. The goal was to
understand the overall generic CE methodology (see Figure 2.4) and define the "up-front”
requirements, their decomposition, and the value objectives for a complex product such as the
HSCT. This first education/research project consisted of three tasks, with deliverables for each.

The first task consisted of defining the HSCT problem by developing an initial Quality
Function Deployment (QFD) Matrix that related the HSCT customer requirements to key product
and process characteristics. Some of the Seven Management and Planning Tools (Figure 3.1) and
Systems Engineering Tools (Requirements and Functional Analysis) were used to identify and
decompose the customer requirements into key product and process characteristics.

The second task was the Establishment of Value Objectives for the HSCT. Value
Objectives consist of setting feasibility constraints and establishing a Criterion Function describing
a weighted relationship of pertinent criteria. The task consisted of deploying the key product and
process characteristics of the first QFD Matrix to a second QFD Matrix (see Figure 3.2).

Seven Management & Planning Tools 1

[] axsl
Interrelationship Digraph Tree Disgram Priorittzation Metrices
sible dlo He]n
1
2
3
: [ .
L ;
Matrin Disgram Process Declsion Progrem Chart Activity Network Disgrem
7 NEW QUALITY TOOLS FOR
MANAGERS AND STAFF
MIZUNO, 1979

Figure 3.1: Seven Management and Planning Tools

Page 8




Integrated Design and Manufacturing for the HSCT NASA USRA ADP

Ge@gia Institute of chhnology 1992 /1993
RRELA
MATRIX
HCST KEY PROD.
& PROC. CHARS.
(HOW)
HSCT |2
£l  DEFMNING THE
CUST |5]  HSCT PROBLEM
3]
REQTS |Z] {RELATIONSHIP
= CORRELAT!
£ ( MATRIX ) el
(WHAT) |2 CRITERIA (HOW)
TARGET VALUES [—ROOUC. | wrwzamon |
(HOW MUCH) BOEX
neer Z ESTAB. VALUE
PROD&IS]  “oBJEC.FOR
prOC [5 HCST
-
CHARS | (nmnonsm'),.
2 MATRIX © } -
(WHAT) |2 -
ABSOLUTE IMPORTANCE}'
(HOW MUCH)

This second QFD Matrix showed the relationships between the key product and process
characteristics of the first QFD Matrix and the criteria that could be used to generate a criterion
function and feasibility constraints. Some of the Seven Management and Planning Tools and
Functional Analyses were used for brainstorming and to decompose the characteristics and criteria
to secondary and tertiary levels.

The third task was the oral presentation on December 2, 1992, of the results to an External
Advisory Board (EAB) consisting of selected members of industry and academia (Figure 3.3).
Also illustrated in Figure 3.3 is the overall framework of courses, faculty expertise, constraints,
and technology areas required to successfully address integrated design and manufacturing for the
HSCT. Submission of the final report was also a part of this task. Finally, an Activity Network
Diagram was used to develop a schedule of events for the remaining NASA USRA ADP design
courses.

As a result of this course, the team members had defined the customer requirements and
key product and process characteristics as well as determined their interrelationships with the use
of QFD Matrices. Value Objectives were established for the HSCT, again using QFD. Upon
reviewing both matrices, it was evident that those key product and process characteristics that had
the strongest correlation with the customer requirements (in the first QFD Matrix) also had the
strongest correlation with the criteria used to determine the value objectives (in the second QFD
Matrix). The teams had the capability to generate a criterion function which could be used to

e ———ee e TR et —
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evaluate design alternatives generated in the first Aerospace Systems Design course, AE6351.

NASA USRA ADP
1092 / 1993

However, since the purpose of this first sequence of courses was to develop and exercise the CE
design methodology (Figure 2.4), the Boeing/Douglas baseline configuration was selected as a
baseline concept; the criterion function was not limited to the Productivity Index to evaluate
alternative designs from the baseline. Maximization of the Productivity Index (P.1.) became the
overall system objective function. As illustrated in the second QFD Matrix (Figure 3.2), both a
Productivity Index (P.I.) and a Utilization Index were identified as criteria that could be used to
evaluate alternatives. Also, Life Cycle Costs (LCC) were included and were addressed in the
Design for LCC course, AE4353.
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4.0 Design

During the mid - 1960s, the United States actively pursued the supersonic transport (SST)
concept. In 1971, however, the U.S. Government canceled the prototype program because of
increasing concerns over its economic and environmental viability. For an airplane to be
economically viable, it must offer a value to the airline that is equal to or more than the price
charged by the manufacturer to cover manufacturing costs. Economic viability occurs when a
market size justifies the investment and risk that both the manufacturer and an airline undertake
when deciding to develop or purchase an airplane[1].

4.1 Life Cycle Cost Approach

As the budgets of aircraft manufacturers and airlines become tighter, the total cost of a
product becomes extremely important. This total cost or Life Cycle Cost (LCC) is defined as
the total cost of a system over its full life. This includes the cost of development, acquisition,
operation, support and disposal. The life cycle cost of the system has to be addressed during the
design process. As shown in figure 4.1, the decisions made during the early phases of a project
commit the vast majority of life-cycle funds.

CONCEPT COMMENCE

DEFINED PRODUCTION

o P N o 100
100 9

PERENT COMMITTED

PERCENT EXPENDED

1 1 [ 1 1 1 ]
PRODUCT LIFE CYCLE

Source: Acerospace America, April 1993, p21

The ability to design around potential problems through essential cost effective trades from
the beginning can reduce or eliminate the need for major "show-stopping” changes in the future.
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This benefit is realized in reduced development cost, reduced delays, redesigns, and inherent

product development cycle times, as well as more marketable products.
4.2 Georgia Tech Analysis

The major focus of the Design for Life Cycle Cost Course AE4353 was to conduct a
sensitivty assessment of the HSCT, focusing on the Airline and Manufacturer Return on
Investments (ROI). ROI was chosen as a first attempt to include business practices into the CE
design methodology (figure 2.4), and move to an extended CE methodology, IPPD. There are
several methods to achieve this goal. One Quality Engineering method which is now used
extensively in both the United States and Asia is Taguchi's Parameter Design Optimization Method
(PDOM).

One of the most important things in LCC analysis or Economic Sensitivity Assessment
(ESA), the term being used for the HSCT, is to understand the significant cost drivers early in the
design process. These cost factors can be divided into two categories - control factors and noise
factors. Control factors are those factors which a design engineer can control during the design
process. Noise factors on the other hand are those critical factors, such as the external
environment, over which the designer has no control, but which will have a major influence on his
design decisions and on the viability of his product. In the airline industry, for example, the cost of
fuel is a critical noise factor. To conduct the HSCT economic sensitivity assessment, the Taguchi
PDOM was used in conjunction with Systems Synthesis through Multidisciplinary
Optimization(MDO) and Quality Function Deployment (QFD). The outline of this process is
illustrated in figure 4.2.

Georgla Tech
. / HSCT ECONOMIC SENSITIVITY ASSESSMENT

il roeiery <9
k.ﬁ. .
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The process began with Quality Function Deployment. This was used to determine the Key
Cost Drivers for the HSCT manufacturer and airline industry. These cost drivers were separated
into control and noise factors which were subsequently used to conduct the Taguchi PDOM.

The cost drivers for the airline were determined to be:

Acquisition Cost

Depreciation

Insurance

Fuel Cost

Load Factor

Crew Costs

Facility/Building Cost

Maintenance Cost

Flight Equipment Maintenance - Inventory

For the manufacturer, we determined that the important cost drivers were:

New Manufacturing Techniques

Engine Development

Material Development - Engineering Costs
Profit Margin

Raw Materials

The second preliminary step was to determine the return on investment(ROI) criteria for
both groups. This ROI criteria relates to business practices and was simply a listing of the
important issues that determine the level of profit for the groups.

For the airline: 1) Ticket Price
2) Labor and overhead rates
3) Aircraft Performance Characteristics
4) Turnaround times

For the manufacturer: 1) Production Cost

2) Research and Development Cost
3) Aircraft Selling price

4) Airline Payment schedule

5) Warranty Obligation

This information was then placed in the QFD House of Quality to determine the key cost
drivers. The key cost drivers were determined following the weighting scheme implemented in the
QFD matrix. The key cost drivers were found to be:
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Acquisiton cost

Fuel cost

Flight Equipment maintenance cost
Load Factor

Overall Maintenance cost

Manufacturer

Material development - Engineering cost
Engine development cost

Profit margin

New Manufacturing Techniques

These cost drivers were divided into control factors and noise factors. These were then
used as inputs to the ACSYNT® aircraft synthesis program. The economics module of ACSYNT
was used as the simulation model for exercising Taguchi's PDOM. The Boeing/NASA HSCT
baseline configuration was used as a fixed input to this economics module for the cost sensitivity
analysis.

ACSYNT analysis

The ACSYNT input variables used in this study represented the best effort made to match
the cost drivers output by the QFD matrix. For the manufacturer, the control factors specified to
ACSYNT were: Engineering Labor Rates (material development), Manufacturer Fee (profit
margin) and the Construction Factor (new manufacturing techniques). The noise factors were the
Production Quantity and the Average Price Index. For the airline, the control factors were the
Maintenance Labor Rates (maintenance cost), the Maintenance of Flight Equipment, and Flight
Operations Costs. The noise factors were the Cost of Fuel, and the Load Factor. These factors
were then varied in accordance with the orthogonal arrays of the Taguchi PDOM.

Using these Taguchi orthogonal arrays, the optimum control factors which maximized the
ROI for the manufacturer and the airline were determined. These optimum factors were:

111 Airi
Lower Maintenance Labor Rates

Lower Maintenance Flight Equipment
Lower Flight Operation Cost
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2-3-3 Manufacturer

Lower Engineering Labor Rates
Highest Fuselage Construction Factor
Highest Manufacturer Fee

4.2 Conclusions

This Economic Sensitivity Assessment has analysed the High Speed Civil Transport
(HSCT) for manufacturing and operational improvements which could maximize the Return On
Investment for both the Aircraft Manufacturer and the Aircraft Operator (airlines)

Important Cost Drivers were determined for the two groups. These cost drivers were
examined according to their effects on the ROI of both groups, that is, whether they were control
factors or noise factors. These factors were assigned levels and were subsequently put into
Taguchi Orthogonal Arrays.

The results of the Taguchi PDOM are separated into two groups.

D For ACSYNT, the optimum airline ROI occurs when:

. There is the lowest maintenance labor rate
. There is the lowest flight equipment cost
. There is the lowest flight equipment maintenance.

The optimum manufacturer ROI occurs when:

. There is the lowest engineering labor rate
. The construction factor is the highest
. The manufacturer fee is the highest.

These optimum input results were combined and executed to determine if indeed this
“optimum" combination would result in higher Return on Investments when compared to the
baseline aircraft.

The results indicated that the airline is directly affected by the manufacturer and not vice
versa. For the ACSYNT analysis, the airline ROI went down and the manufacturer's return
increased. This is due to the input and analysis structure of ACSYNT. In ACSYNT the results of
the manufacturer is directly coupled to the airline. There is however no coupling loop from the
airline back to the manufacturer. Thus, the optimum of the airline has no effect on the
manufacturer. To investigate the coupling that exists between these two parties, an off line analysis
has to be conducted.

Although the identification of the optimum control factors in itself is not earth-shattering,
the fact that an open loop system exists in the ACSYNT economic analysis between the

—
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manufacturer and it primary customer, the airline, demonstrates that CE and IPPD in particular is
not implemented in this commonly used synthesis and analysis tool.
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.0 Com r Ai Design and Manuf rin

CAD/CAM/CAE technology has undergone enormous changes in the past 25 years. CAD
systems, which began as two dimensional automated drafting systems, were used for computer
aided drafting, not computer aided design. As hardware became more powerful and numerical
algorithms were improved, three dimensional wire frame systems evolved. In the past, although
design work could be accomplished on these systems, the challenge existed in integrating them into
the analysis and manufacturing processes. Today, CAD/ CAM tools can not only perform analysis
while the design is being developed; they can also allow the design data to be passed directly to the
user for access to numerical controlled manufacturing machines[1].

As an intergral part of the Concurrent Engineering approach, CAD/CAE provides the
computer integrated atmosphere which encompasses this methodology. This evolving capability
makes the feasibility of conducting MDO a reality. Creating a digital product model enables
electronic data sharing by all parties involved in product definition. This common database
eliminates duplication efforts, and provides everyone with access to current data. With the
improvements in 3-D modeling, design information can be relayed with great detail. Simulating
product performance helps the designer to understand, before the product is fabricated, how it will
perform. Simulations can be used early in the design process and the results incorporated during
the development cycle. Digital mockups can be used to simulate the hardware assembly, thereby
reducing the need for expensive physical mockups[2].

The capabilities of CAD/CAE are tremendous. Using today's common database approach,
the designer can create a 3-D model that can be used for numerous activities. Analysts can
construct finite element models from the design geometry data set. This data set can also be used to
construct configuration models which are used to determine part interferences and fit. Tooling and
access platforms can also be developed from this database, allowing the early identification of
problems usually not found until fabrication[2]. Additionally, traditional drawings can be created
by taking 2-D views of the 3-D models and letting the computer automatically add the necessary
dimensions.

5.1 CAE/CAM Applications at Georgia Tech

The fundamentals of Computer Aided Design were taught in the AE4360 class as part of
the Concurrent Engineering/ Integrated Product Design course sequence outlined earlier. The
purpose of this class was twofold. First, it presented the primary concepts behind the
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computational representation of objects. Second, it introduced two primary design and analysis
tools.
These were:

1) Professional CADAM™
2) CATIA™

Professional CADAM is an interactive computer aided design system that is currently
supported by the IBM Corporation. It is used primarily for 2-D geometric representation, and can
be used for several analyses. CADAM was used to create the three view orthographic drawings of
the aircraft used in this study. It was also used to illustrate the CG location of major aircraft
components.

CATIA is a Computer-graphics Aided Three-dimensional Interactive Application system.
CATIA, developed by Dassault, has become an industry standard throughout most of the
aerospace community. It is used to create three dimensional geometric models using wireframe,
surface and solid modeling constructions. Additional application modules incorporated with
CATIA provide capabilities for kinematics, robotics, Finite Element Modeling mesh generation,
NC mill and lathe programming, structural member design and image generation. CATIA was used
to ensure that the primary structure designed to support the wing would fit within the volume
generated from the aerodynamic study.

References
1. "Keeping ahead of the CAD/CAM curve,"Aerospace America, June, 1993 pp 20
2. "CE: Engineering a change in the Design Process," Aerospace America, April, 1993,pp 21
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r ms Desi

This first design course addresses "System Synthesis through Multi-disciplinary Design
Optimization (MDO)." Two closely related projects were associated with this course. The first
was the conceptual design refinement of a baseline HSCT configuration defined by Boeing and
Douglas in their systems studies. This project was essentially individual in nature and was
intended to familiarize the team members with conceptual design systems synthesis trade-offs for
the HSCT. The second project was team oriented and was intended to introduce students to some
analytical methods and tools used in preliminary design. NASA's synthesis codes FLOPS and
ACSYNT were the primary tools used for these studies. One of the two teams used ACSYNT and
the other used FLOPS. The same initial configuration and mission profile were modeled in both.

This project was modeled after the producibility technology studies that the Lockheed-
California Company conducted in the mid-1970s. The purpose of the studies, funded by NASA's
Langley Research Center (LaRC), was to assess materials and producibility methods for the design
of the primary structure of a supersonic cruise aircraft. Emphasis was placed on an integrated
design and manufacturing approach to develop low-cost producible structural configurations by
identifying potential materials and fabrication technologies that would be available in the 1980s and
1990s for advanced technologies. While the studies are somewhat out of date, they served as a
good foundation for Georgia Tech's first efforts, and introduced students to the nethods and tools
used in industry.

The criterion used to evaluate the initial baseline configuration was the Productivity Index
(P.1.). This criterion shows the relationships between optimum aircraft performance and various

economic and technical design constraints. The development of an economically viable supersonic
ise aircraft is primaril nden n ful integration of interactiv vanc
hnologies involving:

. I i f in
Parametric variations were performed on key design parameters in these three areas. These
variations were related to the Productivity Index (P.L.) and ideas for modification of the initial
baseline configuration were generated individually by team members in each of the three respective
areas. Upon culmination of all ideas and efforts, a final revised baseline configuration was
selected to be used for the next quarter's capstone preliminary design course, Aerospace Systems
Design II, AE 6352.
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6.1 Trade Studies

The baseline airplane used for this study was the Boeing Commercial Airplane Group
Model 1080. This baseline is based on Market Driven Design Requirements, Environmental
Requirements, and Technical & Economic Viability. Boeing determined that a cruise speed of
Mach 2.4 would provide a good balance in trip time benefit and technology risk. Aircraft size and
complexity increase significantly with increasing Mach number. The upper airplane weight limit for
airport runways is projected to be approximately 900,000 lbs. This weight limit therefore
constrained the aircraft maximum Mach to values between 2.0 and 2.5. The initial baseline
design range of 5000 nmi was chosen by Boeing to serve more than 80% of the revenue passenger
miles in the HSCT nonstop market. A design range of 6500 nmi would capture approximately 85%
of the nonstop HSCT revenue passenger miles, however, an initial aircraft with a 6500 nmi range
would be heavy and expensive. Figure 6.1.1 shows the baseline model that was created in
ACSYNT.

The process of creating the baseline in ACSYNT was extremely tedious. In addition to
obtaining detailed geometric information about the aircraft, a great deal of time and effort was spent
determining the exact engine parameters for the baseline. After much effort, we were able to arrive
at a baseline that matched the Boeing airplane in weight and known perfom;ance. Table 6.1.1
shows a list of important city pairs which could be served nonstop by the baseline aircraft.
Currently, the nonstop travel time from Los Angeles to Sydney at subsonic speeds is

I
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approximately 14 hours. By comparison, Boeing calculated that the proposed baseline could make
a 7.3 hour, one stop flight. This stop would be in Honolulu for one hour. The 10 hour Mach 0.84
flight to Tokyo would be replaced by a 4.3 hour HSCT flight.

DISTANCE BETWEEN CITY PAIRS
(naut.miles)

RUNWAY (1) LOS ANGELES SEATTLE HONOLULU  TOKYO SYDNEY
12090 x 150 JLOS ANGELES 0

11500 x 150 |SEATILE 830 0

12300 x 150 |HONOLULU 2215 2324 0

13125 x 197 |TOKYO 4725 4131 3310 0

13000 x 150 |SYDNEY 6500 6730 4410 4225 0

Table 6.1.1. HSCT Pacific City Pairs

6.2 Mission Profile

The mission profile for this baseline is greatly simplified for our first attempt at developing
an overall methodology. This is because of the fact that our selected missions are all continuous
and over open water. Figure 6.2.1 shows the generic mission profile that was used for our
analysis.

g — s —|

Contingency
. Crulse
Climb Oeoconl
Missed
Approach Hold
Toxin g
. Approsch end Land
Flight Time and Fuel
Btock Time and Fuel
Source: AIAA perspectives in Aircraft Systems
Design Short Course, February 20, 1993
Figure 6.2.1 HSCT Mission profile
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Following takeoff and climb to 10,000 ft, we specified continuous climb to an altitude of
56,000 ft, after which time a step cruise was implemented. This step cruise at Mach 2.4 ended at
66,000 ft, the altitude at which the majority of the cruise mission was spent. Following cruise, we
specified descent to 5,000 ft, after which there was approach and landing.

Step cruise was implemented because the optimum fuel efficiency altitude of an aircraft
increases as fuel is burned off and the airplane weight decreases. Provisions were made for reserve
fuel. The reserve fuel was 13 % of the total fuel. As shown in figure 6.2.2, this reserve was
carried according to Federal Air Regulations (FAR) and consisted of allowances for contingency

fuel, missed approach fuel, and fuel for travel to alternate airports.

Reserve Fuel

.’L.._

; .i'?é&,;_;;:

Source: McMasters J.  AIAA perspectives in Aircraft Systems
Design Short Course, February 20, 1993

Ficure 6.2.2 Necessity of Fuel Reserves

Page 22



Integrated Design and Manufacturing for the HSCT NASA USRA ADP
Georgia Institute of Technology 1992 / 1993

6.3 Criterion Selection

The paramount issue in the decision process is whether an ecologically suitable HSCT can

be developed with acceptable risk that will provide safe and profitable operation. The pivotal
concems regarding any future HSCT are noise and pollutant emissions (both on the ground and at

altitude), performance, cost, and development risk. Recently, an assessment was conducted of the

mission performance benefits associated with the technology improvements and goals of NASA's

HiSAIR Program. Advanced technologies in the areas of structures, propulsion, flight-deck
systems, and aerodynamics were applied to a representative Mach 2.4 vehicle concept. The
payoffs associated with each particular discipline were broken down to identify the result from the
proposed major elements within each discipline. For each technology, a sizing thumbprint was
generated, including selected constraints. The focus of these efforts was on minimizing the

aircraft's TOGW by applying advanced technologies to key parameters within each discipline.

Our approach is very similar to that used by NASA for their study. While minimizing
TOGW is often used as a criterion, or objective function, it is often not a complete measure and
does not relate to ecomonic considerations. Instead of concentrating efforts on minimizing the
TOGW, the objective of this analysis was to consider a criterion one step above the TOGW in the
hierarchy of design variables: the Productivity Index (P.I.) was selected as the target variable of
this study. The Productivity Index does indeed incorporate the aircraft's TOGW, as well as other
important parameters in an explicit manner such as the payload, empty weight, fuel weight, and

block speed. The Productivity Index is a commonly used criterion that relates pertinent product
and process parameters to overall affordability. The Productivity Index relates design parameters
to economic parameters and is defined as:

_P.LXV,

P.l=
W+ W,

where: P.L. = Payload We= Weight Empty
V= Block Speed We= Fuel Weight.

Traditionally, productivity has been a measure of relating a commercial aircraft's capability to
economic viability. Thus, our selection of the productivity index as an analytical measure to
evaluate alternative configuration refinements directly corresponds to an aircraft meeting its
technical design goals, as well as being an economical success. __

Boeing constrained the baseline aircraft by means of the "Thumbprint” plot. The mission
sized and configured aircraft is determined by specifying the performance requirements and
imposing operational constraints. Operational constraints such as fuel efficiency and
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takeoff/landing field length have to be imposed on a configuration based on a specific range or
payload requirement. The disciplines that contribute to the thumbprint constraints are shown in
figure 6.3.1. |

To conduct our study of the effect of multi-disciplinary changes on the baseline
Productivity Index, we have varied numerous design variables. For aerodynamics, we have
focused on variables that impact Block Speed and MTOW. For propulsion we have looked at the
effect of MTOW, which is a function of the Fuel Weight. Similarly, for Structures, we have varied
Empty Weight and Payload respectively. It was anticipated, that following our multi-disciplinary
analysis, we would be able to present a revised baseline aircraft which maximizes the vehicle
Productivity Index.

G’ROPULSIOK\@ONF'GURAT'ONSJ

PRODUCT
STRATEGY

AERO S&C

(WEIGHTS )

PAYLOADS

(Enb CONFIG ( AERO PERFORMANCE )

Source: McMasters J. AIAA perspectives in Aircraft Systems
Design Short Course, February 20, 1993

Figure 6.3.1. Multi-Disciplinary Analysis
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6.3.1 Baseline Productivity Index
As discussed in the previous section, the Productivity Index constitutes four design
variables: payload, block speed, empty weight, and fuel weight. The baseline P.I. for our
concept(s) modeled in FLOPS and ACSYNT were calculated as follows:

Payload:
294 pax. x (170 Ibs/person + 30.2 1bs baggage/person)*
+ 9 stewardesses X ( " )*
+ 2 galley crew X ( " )*
+ 3 crew X (225 1bs/crew member)
TOTAL PAYLOAD 61,736 lbs
Block Speed:
Block Speed = (Block Range / Block Time)
= (5000 nmi / 4.31 hrs)
BLOCK SPEED 1160 kts (output from FLOPS)
EMPTY WEIGHT 295,744 1bs (output from FLOPS)
FUEL WEIGHT 305,612 1bs (output from FLOPS)

These values lead to an initial Productivity Index for the FLOPS baseline of:

P.1 =119.1kts

*(Initial! FLOPS) —

The values for block speed, empty weight, and fuel weight output from ACSYNT lead to an initial
Productivity Index of essentially the same value as that calculated with the parameters output from
FLOPS.

* Default values for person and baggage weights from ACSYNT.
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6.4 Disciplinary Analyses

6.4.1 Structures / Materials / Manufacturing

During the mid 1970s, the Lockheed-California Company studied the application of
composite materials to the HSCT airframe structure. They conducted trade-offs relating the
amount of composites applied to resulting TOGW reduction and range increases. In September,
1976, the Lockheed-California Company submitted Technology Assessment Studies Applied to
Supersonic Cruise Vehicles to NASA Langley Research Center. These studies included research
of structures and materials, propulsion, acoustics, aerodynamics, performance, and economics for
a supersonic transport. Their assessment of structures and materials technology applications was
presented for two start-of-design points: near-term (then 1980) and far-term (then 1990).

For their near-term structural concept, the primary construction material (with the 1980
technology) was titanium alloy 6A1-4V. Composite materials accounted for 7% of the airframe
mass. The aircraft had a TOGW of 750,000 lbs, a wing-loading of 68.7 1b/ft2, cruise Mach of
2.55, and T/W of 0.36. The empty weight of the aircraft was 362,800 lbs. Aircraft performance
analyses conducted on this aircraft revealed that the aircraft could not achieve its maximum
potential performance levels due to approach speed and flyover noise constraints. A penalty of 360
nautical miles relative to the maximum potential range, 4200 nautical miles, was incurred due to the
imposition of landing approach speed and flyover noise constraints.

Their far-term structural design employed "assumed" 1990's technologies that could be
used with a high-confidence level for both primary and secondary structural applications. The
predicted 1990 design employed both advanced metallic and composite materials. This aircraft had
the same TOGW of 750,000 Ibs, the same T/W of 0.36, and the same wing loading of 68.7 1b/ft2.

Examination of their near-term and far-term structures technology trends and potential
benefits indicated that major structural mass reduction could be achieved with the increased use of

advanced composite materials. They estimated that approximately 30% of the airframe mass
consisted of secondary structure which could incorporate composites with minimum development
effort and risk. Approximately 65% of the airframe mass is primary structure which could
incorporate composite materials, but would require extensive development effort and involve
higher risks; materials and manufacturing costs increase and the available data base decreases with
temperature. In addition to the titanium alloy used in their near-term concept, the far-term concept
made use of high temperature polyimides and metal matrix composites.

The aircraft was then modified to reflect the overall technology assessment studies results.
This resulted in a configuration with 290 passengers, a wing-loading of 88 1b/ft?, a lift-off T/W of
0.30, cruise Mach of 2.55, 5% fuel reserves, and advanced systems. At the initial TOGW of
750,000 lbs, the aircraft had a predicted range of 4466 nautical miles. Further design changes
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were made by applying composite materials to the secondary structure of the wing and fuselage.
This resulted in a mass savings of 11,500 Ibs and a range increase of 243 nautical miles. The
composite material application for this configuration was approximately 30% of the airframe mass.
The unrestricted application of advanced composite material (64%) encompassed the previously
identified 30% secondary structure plus the wing aft box, the wing-tip, and fuselage shell
structure. This resulted in an additional range increase of 207 nautical miles. The mass savings
for this concept was not stated.

The previous two examples of structural/material trade-offs are results of technology
assessments for the 1970s. Many of the major aircraft manufacturers today are conducting similar
research related to structures/materials/manufacturing to add to the existing technology base for the
HSCT. For example, Douglas has addressed three primary issues in their preliminary structural
design for the HSCT. First, the candidate airframe materials have been selected for their potential
of known long-term thermal stability and adequate mechanical properties at sustained elevated
temperatures, minimum material density, and the ability to be fabricated and assembled at
reasonable cost. At Mach 2.4, these materials are titanium, discrete-reinforced elevated-
temperature aluminum, and high-temperature polymeric composites (HPCs). However, the long-
term stability, strength, durability, and damage tolerance properties and producibility characteristics
of many of these materials are not yet established. Years of work remain before a final material can
be selected with confidence. Second, they are employing structural concepts which either
minimize the effects of thermal gradients in the structure or are robust enough to withstand them
without serious weight penalty. This issue becomes very critical as design speeds increase above
Mach 1.8. Third, since the HSCT cruises at an altitude of nearly 70,000 feet at Mach 2.4, Douglas
is exploring unique pressurized fuselage concepts which will ensure survivable cabin
decompression scenarios, again with minimal weight penalty.

6.4.2 Propulsion / Integration

The major challenges confronting the propulsion community for civil supersonic transport
applications have been identified as high propulsion system efficiency at both supersonic and
subsonic cruise conditions, low-cost fuel with adequate thermal stability at high temperatures, low
noise cycles and exhaust systems, low emission combustion systems, and low drag installations.
There are also several challenging environmental issues. While the sonic boom problem is
essentially airframe driven, the excessive airport noise levels are due to the very high takeoff
exhaust velocities associated with supersonic engines. Engine exhaust emissions is another
environmental concern requiring research.

Prior progress has been made in reducing supersonic transport engine thrust specific fuel
consumption (TSFC). An afterburning turbojet was developed in the early 1970's for one of the
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first proposed U.S. supersonic transports. This engine performed relatively well at supersonic
cruise conditions, but its subsonic efficiency was very inferior to comparable high bypass ratio
subsonic engines. Consequently the United States embarked on a 10-year NASA sponsored
variable cycle engine (VCE) research program that achieved considerable progress during the
1970's and early 1980's. Compared to the afterburning turbojet, the hypothetical VCE engines
defined in 1981 (which assumed technology levels beyond 1981) consumed 10 percent less fuel at
supersonic and transonic conditions, and 25 percent less at subsonic speeds--reflecting the cycle
changing feature of the VCE's. A simultaneous 25 percent reduction in engine weight occurred
mainly as a result of improved materials. Even though this was a drastic improvement, the
subsonic efficiency of the 1981 VCE's is still only about one-half of today's high bypass ratio
turbofans. Today, several alternative engine cycle concepts are under study, including more
advanced VCE's and turbine bypass engines.

As far as the fuel issue is concerned, conventional low-cost Jet A fuel cannot withstand the
high temperatures associated with flight speeds much above Mach 2. If subjected to temperatures
above approximately 250 degrees Celsius, they thermally decompose and form coke deposits that
clog fuel supply components and fuel injectors. Consequently, there is a challenge to extend the
thermal stability of conventional jet fuel to higher temperatures without incurring a significant fuel
price increase. Engine developers are facing the typical dilemma associated with engine design:
performance driven designs will increase NO, emissions while emissions driven designs will

reduce performance.

6.4.3 Aerodynamics

The cruise aerodynamic efficiency will have a significant effect on the economic viability of
the High Speed Civil Transport. A one percent reduction in cruise drag will save approximately
4,900 pounds of fuel and reduce the mission sized takeoff weight by some 7,700 pounds[4]. The
wing planform configurations used for the baseline HSCT are designed to achieve attached flow
over the wing at cruise conditions. This slender, thin wing tends to develop leading edge vortices
at subsonic off design conditions. These vortices have to be controlled to improve the low speed
performance which dictates a high lift to drag ratio at takeoff and landing. High L/D at low speed
would lower community noise levels by making a steeper climbout after takeoff possible.

From several industry analyses, the lift to drag ratio of the baseline aircraft at altitude has
been shown to be between 8.0 and 11.0. With Hybrid Laminar Flow Control (HLFC) technology
being developed by NASA, it is reasonable to assume that approximately 90 percent of the wing
could be laminarized. This could result in an approximate drag reduction of 11 percent[1]. This
drag reduction would significantly impact the range characteristics of the aircraft.
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6.5 Results

As indicated in Section 6.0, two teams performed sensitivity analyses with respect to the
Productivity Index in our three critical design areas: structures, propulsion, and aerodynamics.
Both teams made recommendations for all three sections. At the end of the quarter, it was mutually
agreed upon by the two teams to model the changes with respect to structures and propulsion in
FLOPS, and to model the recommendations made with respect to acrodynamics in ACSYNT.

6.5.1 Structures and Propulsion Changes in FLOPS

Three parameters in FLOPS were changed in our initial baseline configuration based on our
new sensitivity analysis with respect to the Productivity Index. An aggressive use of composites
[mainly] in the wing, an increase in the engine overall pressure ratio, and a decrease in engine
turbine inlet temperature all increased the Productivity Index.

The variable FCOMP was used to model the use of composites in the wing. After changes,
22,564 Ibs of composites were used in the revised baseline (20,637 lbs in the wing) as compared
to none in the initial baseline. The percentage of the composites used can be broken down as
follows: (91.4%) wing, (7.1%) landing gear, (1.1%) controls, (0.2%) horizontal tail, and the
remaining (0.2%) in the vertical tail.

This addition of more than 22,500 Ibs of composites, coupled with an increase in engine
overall pressure ratio (from an initial value of 18 to a final value of 22) and a decrease in turbine
inlet temperature (from 3360 degrees Rankine to 3200 degrees Rankine) resulted in 21,629 lbs less
fuel required to meet the S000 nmi range requirement.

These changes increased the baseline P.1. from 119.1 kis to 127.5 kts.

6.5.2 Aerodynamics Changes in ACSYNT

Methodology of Parametric Variations

To determine the effect of HLFC technology on the productivity mdex of the baseline
aircraft, the ACSYNT laminar to turbulent factor SFWF was used. This factor enables the
tailoring of the aerodynamic performance of major aircraft components. In essence, an 11 percent
reduction in the SFWF factor resulted in a corresponding reduction in turbulent drag. Based on
NASA studies, it was determined that this 11 percent reduction would require full wing HLFC. If
only leading edge HLFC was employed, this would result in a reduction of épproximately 6
percent. In addition to determining the effect of HLFC on the Productivity Index, the wing area
was varied to observe its effect as well. The baseline area of 7700 square feet was varied between
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6800 and 8500 ft2, while keeping the aspect ratio and wing sweep constant. The lower limit of
6800 ft2 was set because the ACSYNT sizing program was unable to reliably perform a mission
for a configuration below this limit.

Results
For this particular study, the range and Mach number of the baseline was held constant. Based on
the area and HLFC changes, it was found that the maximum P.I. occured when the wing area was
7700 square feet, and full wing HLFC was employed. The Productivity Index increase was from
117.4 knots to approximately 121.8 knots. Having determined the maximum P 1. based on these
changes, the "revised" baseline was analysed to verify that it met the necessary constraints. The
FAR 25 landing constraint for this vehicle is 11,000 feet. It was determined that all HLFC
configurations with wing areas in excess of 7600 ft2 conformed to this rule.

Additionally, the sensitivity of the P.I. to changes in wing area was determined by
performing a curve fit to the data points and taking the first derivative of the function. These
sensitivities are shown below.

AREA (sq. feet) No HLFC Leading Edge HLFC | Full Wing HLFC
6800 0.03 -0.0024 -0.0022
7700 0.000129 -0.00506 -0.00025
8500 -1.593 -0.00725 -0.0017
Table 6.5 Productivity Index Sensitivity.

AIRCRAFT Concorde (acsynt) |Boeing 747-200 HSCT base (acsynt)

(3424 nmi misson) (5000 nmi mission) (5000 nmi mission)
Gross Weight (Ibs) 399,051 773,800 727,291
Block Speed (knots) | 1124.46 463.86 1169.43
Payload (Ibs) 25,000 90,710 61,735
Empty Weight (Ibs) 169,060 365,800 294,524
Block Fuel (lbs) 167,258 269,600 320,638
PRODUCTIVITY (83,58 66.22 117.35
INDEX (Knots)

6.6 Conclusions

Table 6.6 Comparison

of Aircraft Productivity Index

From the disciplinary sensitivity analyses conducted in AE6351, it was determined that
improvements could be obtained in the baseline HSCT configuration using the Productivity Index
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(P.L) as the Criterion Function (Figure 6.6.1). However, these improvements can not be achieved

if the resulting manufacturing considerations are not taken into account, Therefore, a major focus

for AE6352 would be to address integrated design and manufacturing issues at the wing level to

close the loop in Figure 2.5.

Revised Baseline Productivity Index (P.I.) = 128.5 kts.

~Overall -

Structures

API=51 %

API=95% /J

‘Materials

Aerodynamics

API=3.7 %

Propulsion

-J API=17 %

——— ———— —

Figure 6.6.1 Overall Productivity Index Increase
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r ign II

7.1 Methodology

7.1.1 Concurrent Engineering Implementation
The methodology used for the final quarter's work builds heavily upon what was learned
the previous quarters. At the beginning of the quarter, some of the Seven Management and

Planning Tools learned in Introduction to Concurrent Engineering were used to enable the team

members to understand the design processes related to wing concept selection before analyses were

attempted.
Tree Diagrams, Affinity Diagrams, Interrelationship Diagraphs, and a QFD Matrix were

generated at the beginning of the quarter. As an example, Figure 7.1.1 shows the Interrelationship
Diagraph with this quarter's nine areas of interest. The arrows indicate which disciplines interact

and/or exchange information with the others.
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The above mentioned Concurrent Engineering Tools were used to determine the relationships
between several key design areas and the cost analysis parameters used to make a wing concept

selection.

_ — ——
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7.1.2 Wing Concept Selection Methodology
Figure 7.1.3 shows the relationships between last quarter's baseline (Figure 7.1.2)
modified for maximization of the Productivity Index and the research and analysis of wing

concepts for this quarter.

30.3e1¢

ioure 7.1.2 Revised Baseline Configurati
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The mission and performance requirements influence the system at two levels. First the
mission and performance requirements are used by the synthesis codes FLOPS and ACSYNT for
vehicle sizing. Second, some of these same mission performance requirements, in addition to
others particular to certain disciplines, are used in the disciplinary trade-offs conducted at the wing
level. Other disciplines, such as Layout / Mass Analysis and Airframe / Propulsion Integration,
may only begin after some of the initial vehicle sizing has begun.

A designer's production cost trade-off tool (see Section 7.8) was used at the wing level to
determine relative manufacturing costs associated with different wing concepts generated by the
multidisciplinary trade-off studies. Once the parameters describing a new wing concept are
determined, they can be inserted back into FLOPS and ACSYNT for overall vehicle performance
estimation as well as airline and manufacturer cost estimation. Finally, the wing concept selection
can be made based upon recommendation by the disciplines at the wing level and based upon
vehicle performance and cost at the system level.
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7.2 Aerodynamics

7.2.1 Introduction and Problem
The preliminary design of the High Speed Civil Transport wing represents a challenge from
the aerodynamic point of view. As part of a multi-disciplinary team, design trade-offs have to be
made in an iterative manner, in conjunction with other design groups. Emphasis has to be placed
on the interrelationships which occur between these groups. The aerodynamic design of the HSCT
wing has to address several key issues. The aerodynamic results must:

1) Provide the necessary structural volume.
2) Ensure ease of fabrication.
3) Meet the necessary performance requirements.

As a baseline case study, the Lockheed Arrow wing supersonic concept was used[7].
Although this concept was formulated in the 1970s, it provides an excellent framework for the
multi-displinary design analyses. The primary sources for aerodynamic data for this Lockheed
study were wind tunnel tests. This wind tunnel data was corrected to account for wind tunnel wall
effects and scaling effects, and was subsequently used to determine numerous performance
characteristics of the full sized aircraft. For the aerodynamic studies conducted in this report, data
was obtained primarily through the use of Computational Fluid Dynamics (CFD). Over the past 15
years, improvements in numerical algorithms and computer hardware have made it possible to
expand the applications of CFD in the design environment by providing a technique for doing
parametric variations in trade studies. Selected wind tunnel tests should be conducted however to
validate critical design conditions.

7.2.2 Design Methodology

Initial Trade Studies
Two simplified trade studies were conducted early in the wing development study. These
trade studies focused on:

. Wing Area Variation ,
. Wing Thickness Variation
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The wing thickness to chord ratio (t/c) was varied to determine the minimum thickness
distribution that would satisfy the structural depth criteria. This t/c ratio has a tremendous impact
on the profile drag of the entire configuration, thus the thickness distribution had to meet this
stringent acrodynamic and performance criteria as well. The wing area study was conducted with
lift to drag ratio being the primary criteria. From the Brueget Range equation, the L/D ratio is
extremely important.

Range = M— |In— 721
TSFC D W2

As shown in equation 7.2.1, the range is directly influenced by the L/D ratio, which from
aerodynamic analysis, can be readily manipulated. The L/D during the cruise regime of flight is
therefore of great importance. Thus, for a given cruise Mach number, the wing area was varied and
the configuration that produced the highest lift to drag ratio was selected.

The wing planform was not changed from the Boeing baseline case. This planform was
derived from compromises for high and low speed performance, landing gear depth requirements,
and other issues. The subsonic leading edge was maintained to approximately 55 % semi-span.
This yielded improved subsonic L/Ds due to leading edge suction and permitted the larger side of
body chord lengths that were needed to keep the t/c low in the vicinity of the landing gear[1]. This
high inboard sweep, however, results in high structural aspect ratio and low wing span. To
improve the L/D even further, the outboard wing was unswept to a supersonic leading edge sweep
angle of approximately 47 degrees. By unsweeping the outboard stations, more wing span was
achieved for a much less change in structural aspect ratio. Thus there was an improvement in the
L/Ds because of the greater wing span, without accruing the weight penalties associated with
higher structural aspect ratios[1]. The existing planform was also relatively simple from a
manufacturing point of view.

Additional Considerations

In addition to determining the maximum L/D ratios for cruise conditions, analysis was
conducted to determine the maximum lift coefficient that could be obtained for low speeds at
legitimate angles of attack. The high lift system of the aircraft has to be designed to increase wing
lift for takeoff and landing. This increased lift reduces the runway length required for takeoff.
These high lift devices must also be designed to minimize drag during the climbout and approach
phases to reduce the airport sideline and approach noise levels. This is a challenging task, since
traditionally, high drag was considered helpful for deceleration purposes at landing conditions.
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7.2.3 Design Procedure
Several design tools were used to conduct this preliminary aerodynamic design and
assessment. These CFD design and analysis codes were used at different stages to complement
each other. Four primary codes were used. These were:

1) WINGDES

2) VORLAX

3) AERO2S

4) ACSYNT aerodynamics module.

High Speed Analysis

WINGDES® is a NASA Langley wing design code that can be used for supersonic
speeds. It was the only code available for the supersonic analysis of the wing without the fuselage.
The numerical method is based on linearized theory potential flow solutions for a zero thickness
lifting surface represented by an array of horseshoe vortices[2]. WINGDES evaluates the drag on
the wing by an integration of pressures acting on the lifting surface. Figure 7.2.1 depicts a typical
supersonic lift - drag polar curve and shows the main contributions to the drag[2].

Cp > ACD

Drag due to lift

Thickness wave drag

Skin friction drag > CD,0

CL

Figure 7.2.1 Drag Breakdown

As shown, the drag due to lift is about half the total. WINGDES allows fo;' the separation
of the drag due to lift into two fundamental components[2]:

1) Vortex drag associated with the spanwise distribution of the lifting force
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2) Wave drag due to lift, associated with the longitudinal distribution of lift and
the resultant disturbance waves(supersonic flight only)

WINGDES is unable to account for the thickness wave drag and the skin friction drag.
Consequently, this code was only used to conduct initial trade off studies.

For the wing area variation, WINGDES was run at three different wing surface areas.
These were 7200, 7700 and 8200 square feet respectively. The results were interesting.
Considering the drag limitations of the program, it would be assumed that the wing with the largest
area would have the highest lift to drag ratio.

25
L/D
20
—  Area = 7200 sq. ft.
——  Area = 7700 sq. ft.
15 == Area = 8200 sq. fi.

Mach =2.4

10 / -
74
!

0.0 1.0 20 3.0 4.0 5.0 6.0
Alpha (degrees)

Figure 7.2.2 1/D vs Alpha for three wing areas

However, as shown in figure 7.2.2, it was determined that the baseline wing area of 7700
square feet provided the maximum lift to drag ratio at the angles of attack associated with high
speed cruise. These angles of attack were between 1 and 3 degrees. Note that these L/D ratios are
high, since they do not account for profile drag contributions. Figure 7.2.3 shows L/D as a
function of Mach numbers. This shows that L/D decreases as the Mach number is increased.
Having determined the optimum wing area using a stand alone wing program, the remainder of the
high speed analysis was conducted using the entire configuration.
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Figure 7.2.3 L/D vs Mach number (WINGDES)

The effects of this wing area on the overall configuration was investigated using
VORLAX®. VORLAX is computer program written by the Lockheed California Company which
uses a vortex lattice method to calculate the aerodynamic load distributions at subsonic and
supersonic Mach numbers for arbitrary nonplanar configurations[3].

VORLAX inputs include:

1) wing surface area
2) Mach number
3) Wing Aspect ratio

As mentioned earlier, the planform and aspect ratio was not changed from the baseline.
Additionally, the wing area result from WINGDES was used to continue the analysis.

Page 39




Integrated Design and Manufacturing for the HSCT NASA USRA ADP
Georgia Institute of Technology 1992 7 1993

Correlation with experimental data and with results from other theories show good
agreement with overall force and moments due to lift. It also provides good results in the
distribution of the load coefficients. Like WINGDES, VORLAX does not account for the effects of
skin friction drag. The results from VORLAX however were very useful in determining the
pressure distributions at arbitrary locations on the wing and body. These pressure distributions
were used in the structural analysis of the wing, since loading distributions were obtained at
spanwise and chordwise locations. The moment results were also used for the stability and control
analyses.

The VORLAX analysis was conducted primarily at the high speed conditions. It was used
to determine the angles of attack at which the maximum lift to drag ratio was developed for a series
of cruise Mach numbers. These Mach numbers were:

. Mach 1.6
. Mach 2.0
J Mach 2.2
. Mach 2.4
. Mach 2.5

Since the angles of attack for this analysis were for the overall configuration, the issue of
cabin floor angles became important. High floor angles at cruise would present a problem relating
to airline and public acceptance of the vehicle[4]. These angles would add substantial difficulty and
inconvenience to cabin operations. Low cabin floor angles can be achieved by reducing the
fuselage floor incidence angle relative to the wing reference plane. For this configuration study, the
wing reference plane and the fuselage were made to coincide. Although this is not widely done in
practice, it provided a starting point for the analysis.
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Figure 7.2.4 1L/D vs Alpha (VORLAX)

Mach 1.6 cruise
Mach 2.0 cruise
Mach 2.2 cruise
Mach 2.4 cruise
Mach 2.5 cruise

As shown in figure 7.2.4, the maximum trimmed L/D occurs at angles of attack between 1

and 2 degrees. These angles are acceptable from the cabin attitude standpoint. Once again, these
L/D values do not account for the effects of profile drag. This analysis however has provided the

pressure distributions associated with the above cruise conditions. Figure 7.2.5 shows the
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Figure 7.2.6 shows the cruise drag polar at a 2 degree angle of attack.

0.25
CL 420
0.15
l ) Mach 1.6 cruise
0.10 e * Mach 2.0 cruise
4 / ~—gr—  Mach 2.2 cruise
,‘/! et Mach 2.4 cruise
0.00

0.000 0.005 0.010 0.015 0.020
CD

igure 7.2.6 Cruise Drag Polar (VORLAX

The analyses conducted so far have neglected skin friction. As shown in figure 7.2.1, this
drag contribution is quite pronounced. For a wing operating at high speed, the profile drag is very
dependent on the wing wetted area and thickness. To account for this drag contribution, the
ACSYNT aerodynamics module was used. ACSYNT® was developed by the NASA Ames
Research Center over a twenty year period for conceptual design studies of advanced aircraft. The
aerodynamics module of ACSYNT uses empirically and theoretically derived methods to calculate
the aerodynamic coefficients of the configuration. ACSYNT incorporates VORLAX to find the
pressure distribution on the aircraft. The zero lift drag is estimated from parametric prediction
equations[5].

ACSYNT computes the total zero-lift drag as:

Co. = [Cp. + CDagne + CDears + Chvie + CD i (7.2.2)

Jeomp
where

[Co]e,,, = Sum of skin-friction and pressure drag components

Cpowme = External cowling and boattail drag
Co.. = External Stores drag
Cpw. = Wave drag
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Cpw = Interference drag.

The parasite drag of the configuration is computed in the following way:

[Co), = FF,Cfy SSL (7.2.3)

ref
where

Cp. = Zero-lift drag of the nth component
FF,, = Form factor to account for viscous separation

Cfn
Sweo = Wetted area of the nth component, ft2

Compressible skin-friction coefficient of the nth component

St = Reference area ( wing planform area ), ft2

The skin-friction coefficient in equation 7.2.3 for each component is dependent on the
Reynolds number. The skin friction coefficent is computed by methods described by Bertram in
reference[5]. ACSYNT also calculates the form factors to be applied to each component to account
for the pressure drag due to viscous separation. A factor which accounts for wing sweep and Mach

number is calculated from equation 7.2.4

1.75 cosAV
FsM = = (7.2.4)

2
\ﬁ. 75¢cos A%

For the wing, the form factor FFy used by ACSYNT in the profile drag calculation is:

1+ KoFoult] + 60[5]; (1.2.5)

where
[L] = Average thickness ratio
ave

[+

K. = 0.6, if a 6 series airfoil is used, 1 otherwise.

After numerous iterations on the profile drag characteristics of the wing, the t/c was set at
0.032 at the root and 0.024 at the wing tip. This thickness ratio provided the necessary structural
depth needed for the primary structure of the wing. This requirement was specified by the
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structural and flutter analysis. This distribution also provided the volume required to stow the

landing gear.
As shown in figure 7.2.7, the maximum L/D ratio for the configuration has been reduced.

These trimmed values, however, are still in the 1 to 3 degree angle of attack range.
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As seen in figure 7.2.7(a), the lift to drag ratio decreases as Mach number is increased. The
maximum L/D occurs at a cruise Mach number of 1.6 and angle of attack of 2 degrees. This L/D is
approximately 12.5. Looking at the ratios at higher cruise Mach numbers we can see that there is
not a significant difference as the cruise speed is increased from Mach 1.6 to 2.4. For Mach 2.4
cruise, the L/D is approximately 12. This occurs at an angle of 2.5 degrees. Since this decrease in
lift to drag ratio is only on the order of 4 percent, the increased block time and productivity
associated with a higher cruise Mach number outweighs the minor range/weight penalty associated
with this L/D ratio decrease. Figure 7.2.7(b) shows the polar generated by ACSYNT's graphical
interface. Figure 7.2.8 compares the ACSYNT results with VORLAX.

Mach 1.6 acsynt

18

Mach 2.0 acsynt
16 4 Mach 2.2 acsynt
L/D ) Mach 2.4 acsynt
Mach 1.6 (vorlax)
14 7 Mach 2.0 (voriax)
1/ Mach 2.2 (vorlax)
12 'I ' Mach 2.4 (vorlax)
10 Mach 2.5 (vorlax)
8
6 Ll
0 1 6

3 4 5
Alpha(degrees)
igure 7.2. vs Alpha (ACSYNT and VORLA

Low Speed Analysis

Additional analysis of the low speed characteristics of the wing was conducted using the
AERO?2S analysis code. AERO2S is a NASA program which can be used for the subsonic
aerodynamic analysis of wings with leading and trailing edge flaps. This code uses a linearized-
theory, attached flow method for the estimation of the longitudinal aerodynamic performance of
wing-horizontal tail configurations that employ simple flap systems[6]. These calculations provides
a generally good prediction of the aerodynamic performance provided the speed is below the drag
rise Mach number. This code does not take into account the viscous effects in the flow. Instead it
uses an attached flow method which is based on the premise that high levels of acrodynamic
efficiency require a flow that is as nearly attached as circumstances permit[6]. Thus, under this
premise, the analysis was conducted with an angle of attack limit of 17 degrees. This limit was
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placed to account for the wing stall which occurs as viscous separation dominates the flow field at
high angles.

AERO2S was run at several combinations of leading and trailing edge flap deflections. As
shown in figure 7.2.9, the maximum lift coefficient of 0.7 was achieved with a leading edge
deflection of 25 degrees and flap deflection of 40 degrees. The lift to drag ratio at smaller
deflections was between 6 and 7. This shows that in addition to achieving the high lift coefficients
needed for reduced reduced runway lengths, the wing configuration could still enable the steeper
climbouts that are necessary to reduce the noise footprint of the vehicle. Recent journal articles
suggest that the maximum lift coefficient can be increased further by larger leading edge

deflections.
08
CL 0.6
04
0.2
Eeading edge:25/flap:40 (M=0.35)
0.0 /,5;3 eading edge:3 )/l'iap.3! (M=0.35)
X eading edge:1b/flap:15 (M=0.35)
& ———b—leading edge:0lflap:0 (M=0.4)
'0.2 T L T T L L4 L § T T v
0 2 4 6 8 10 12 14 16 18

Alpha(degrees)

igure 7.2.9 CL vs Alpha at vari flap deflections (AERQ?2
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7.2.4 Concluding Remarks
The preliminary design of the HSCT wing requires numerous tradeoffs to be made. The
wing has to meet necessary performance requirements, while providing the compromises specified
by the other design groups. Several analyses were conducted. Initially, the baseline configuration
was studied to determine the optimum area for cruise purposes. The maximum L/D at various
cruise conditons were then determined using several design codes. These codes determined the
wing pressure loading characteristics and the cabin floor angles. Finally, the low speed
characteristics were investigated.
The results from these analyses suggest the following:

1) A wing area of 7700 square feet is optimum for high speed cruise.

2) A t/c ratio of 0.032(root) and 0.024(tip) provides the necessary structural and
volume requirements, while still meeting the aerodynamic performance criteria.

3) The maximum L/D at cruise occurs at acceptable cabin floor angles.

4) The CLmax achieved with leading and trailing edge devices provides the
performance needed for landing and takeoff.
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7.3 Stability and Control

7.3.1 Introduction

Stability and control for a transport aircraft is very important. The aircraft must be
comfortable for passengers and should be pleasant for the aircrews to operate as well as
controllable and safe to fly. Until recently at the conceptual design level usually all that is normally
done is a static analysis. With the appearance of better and faster computer tools a more in depth
analysis can be preformed earlier in the design process to help insure that ballast is not carried by
production aircraft. Stability and control is a discipline which is tightly linked to propulsion,
aerodynamics, performance, overall configuration and mass analysis. The placement and
specifications of the propulsion system often sizes control surfaces during one engine inoperative.
The results of aerodynamic and performance are integral to stability and control. The center of
gravi